Invading pathogens are exposed to a multitude of harmful conditions imposed by the host gastrointestinal tract and immune system. Bacterial defenses against these physical and chemical stresses are pivotal for successful host colonization and pathogenesis. Enteric pathogens, which are encountered due to the ingestion of or contact with contaminated foods or materials, are highly successful at surviving harsh conditions to colonize and cause the onset of host illness and disease. Pathogens such as Campylobacter, Helicobacter, Salmonella, Listeria, and virulent strains of Escherichia have evolved elaborate defense mechanisms to adapt to the diverse range of stresses present along the gastrointestinal tract. Furthermore, these pathogens contain a multitude of defenses to help survive and escape from immune cells such as neutrophils and macrophages. This chapter focuses on characterized bacterial defenses against pH, osmotic, oxidative, and nitrosative stresses with emphasis on both the direct and indirect mechanisms that contribute to the survival of each respective stress response.
STRESS RESPONSE AND ADAPTATION
Bacterial pathogens are exposed to a variety of stressful conditions while spreading to and colonizing new hosts to cause infection. Gastrointestinal pathogens such as Campylobacter, Escherichia, Helicobacter, Listeria, Salmonella, and Shigella species encounter numerous stresses during host colonization and infection. During transit through the gastrointestinal tract these pathogens are exposed to physical stresses (pH and osmotic stresses) as well as noxious substances (reactive oxygen and nitrosative species). Bacteria respond to these stresses by altering their transcriptome/proteome in an adaptive manner to either overcome the stress or resist the stress long enough to transition to more favorable conditions. The following sections will present the current state of knowledge for each stress response mentioned above and how these defenses contribute to bacterial virulence.
PH STRESS RESPONSE
Following ingestion, bacteria must passage through the stomach. The pH of the stomach can range from as low as pH 2 (during fasting state) up to pH 7 (during meal intake) (1) . Injury to the outer bacterial membrane and/or disruption of the cytoplasmic pH due to H + ion exposure and influx can result in damage to DNA and enzymes, leading to cell death (2, 3) . The detrimental effects of acid exposure necessitate expression of acid defense, adaptation, and repair mechanisms to facilitate bacterial survival during passage through the stomach.
Direct Defenses Against Acid Stress
Direct defense mechanisms for acid stress survival have been well studied in enteric pathogens such as Listeria monocytogenes (4), Salmonella enterica (5) , and Helicobacter pylori (6, 7) , which are the causative agents of listeriosis, salmonellosis, and gastric ulcers, respectively. Upon exposure to acidic conditions, these bacteria upregulate expression of defense enzymes such as amino acid carboxylases (4, 5) , deiminases (4) , ureases (7) , and F1F0 ATPase pumps (7) to help maintain pH homeostasis within the cell. S. enterica strains encode for several decarboxylase enzymes including lysine and arginine decarboxylases. The lysine decarboxylase system consists of CadA, a lysine decarboxylase enzyme, and CadB, a lysine-cadaverine antiporter (5) . The conversion of lysine to cadaverine by CadA within the cytoplasm requires a proton to be consumed. The CadB antiporter then exports the newly synthesized cadaverine out of the cell while importing lysine to begin the process anew (5) . Overall, the enzymatic activity of CadA and the transport function of CadB help increase intracellular pH levels via consumption of H + ions. S. enterica also encodes for a second amino acid decarboxylase system involving an arginine carboxylase, AdiA, and an arginine-agmatine antiporter, AdiC (8) . Similar to the lysine decarboxylase system, the AdiAC system also functions to consume H + ions during the enzymatic conversion of arginine to agmatine via AdiA and thus lowers the acidity within the cytoplasmic space. The AdiC antiporter subsequently exchanges the intracellular agmatine for extracellular arginine. The importance of these amino acid decarboxylase systems has been highlighted using in vivo experiments with BALB/c mice, which demonstrated upregulation of cadBC expression during infection (9) . cadBC were similarly found to be induced when introduced into macrophages (10).
L. monocytogenes likewise encodes for a glutamate amino acid decarboxylase system which consists of GadD1, GadD2, GadD3, GadT1, and GadT2. gadD1, gadD2, and gadD3 encode for glutamate decarboxylase enzymes, whereas gadT1 and gadT2 encode for glutamate/aminobutyric acid antiporters. Notably, not all strains of L. monocytogenes encode for the GadD1/ GadT1 decarboxylase system (11) . The consumption of protons during the enzymatic production of γaminobutyric acid from glutamate contributes to raising the pH within the cell. Colonization of gnotobiotic mice with L. monocytogenes resulted in significant upregulation of the glutamate decarboxylase system genes, suggesting the importance of this system for acid survival during colonization (4, 12) .
L. monocytogenes also utilizes deiminases to help maintain pH homeostasis during infection. The arginine deiminase system is comprised of ArcABCD, which encode for an arginine deiminase (ArcA), catabolic ornithine carbamoyltransferase (ArcB), carbamate kinase (ArcC), and arginine-ornithine antiporter (ArcD) (13) . ArcA catabolizes arginine to citrulline and NH 3 . Citrulline is subsequently converted to ornithine and carbamoyl-phosphate by ArcB. ArcC converts carbamoylphosphate to NH 3 and CO 2 while producing ATP in the process. The NH 3 produced during these enzymatic steps combines with H + ions to yield NH 4+ , which in turn raises pH levels within the bacterium. The arginine-ornithine antiporter exports ornithine out of the cell while bringing in additional arginine to undergo further enzymatic reactions by ArcABC (13) . The importance of the arginine deiminase system has been demonstrated using murine Listeria infection experiments which revealed a 10-fold reduction in the number of ΔarcA mutant bacteria in the spleen relative to the wild type strain (14) . Furthermore, the ΔarcA mutant was found to be significantly more sensitive to acid exposure (pH 3.5) over 150 minutes relative to wild type Listeria, revealing the role this system plays in acid survival (14) .
Urease is another well-characterized direct defense mechanism against acid stress. H. pylori predominantly utilizes cytoplasmic urease enzymes to survive the acidic conditions found within the stomach. The mechanism that H. pylori employs to maintain the neutral pH within the cytoplasm includes an H + gated urea channel, cytoplasmic urease, and a membrane-bound carbonic anhydrase (15) . Urea is found in the gastric juices of the stomach and enters the cell via porins. Urea is then subsequently transported into the cytoplasmic space from the periplasm in an energy-independent manner by the H + gated urea channel, UreI (16) . Once the urea is within the cytoplasm, a multisubunit complex urease enzyme (UreAB) hydrolyzes the urea into ammonia and carbamic acid. UreA and UreB form the structural subunits of the apoenzyme (17, 18) and further require the UreEFGH proteins to insert Ni 2+ into the UreAB apoenzyme to form the active urease enzyme (19) . The carbamic acid produced can subsequently react with H 2 O to produce H 2 CO 3 and NH 3 . The H 2 CO 3 that has been produced is then converted to CO 2 and H 2 O by cytoplasmic carbonic anhydrase. Finally, the NH 3 and CO 2 gases produced diffuse back through the inner membrane to the periplasm, whereby the NH 3 consumes a proton (producing NH 4+ ), and a membrane-anchored carbonic anhydrase converts the CO 2 to HCO 3− and H + . The proton produced can combine with available NH 3 while the HCO 3− acts as a buffer to maintain the pH of the periplasm to approximately 6.1 (20, 21) . Acid survival by H. pylori using urea hydrolysis to maintain cell pH neutrality has been shown to be critical for bacterial colonization studies of the mouse stomach (22) . Indeed, both ΔureI and ΔureB mutants are attenuated for gastric colonization of mice (22, 23) .
Bacteria can also use F 1 F 0 ATPase pumps to increase pH in response to acid exposure. The F 1 F 0 ATPase pump generates ATP during oxidative phosphorylation under aerobic conditions. The F 1 subunit of the enzyme functions to generate ATP from ADP + Pi or can hydrolyze ATP. Proton translocation across the inner membrane is performed by the F 0 subunit. The generation of a proton gradient during oxidative phosphorylation drives ATP synthesis via proton translocation back into the cytoplasm via the F 1 F 0 ATPase. However, the F 1 F 0 ATPase can also function to expel H + from the cytoplasm during anaerobic growth conditions to generate a proton gradient which is coupled with ATP hydrolysis. The expulsion of H + ions from the cytoplasm by F 1 F 0 ATPase pumps increases the internal pH of the cell as has been demonstrated in bacteria such as L. monocytogenes (24) and Salmonella enterica serovar Typhimurium (25) .
Indirect Defenses Against Acid Stress
Interestingly, not all enteric pathogens utilize these wellcharacterized direct acid defense mechanisms and rely on alternative strategies to survive stressful acidic conditions. The human food-borne pathogen Campylobacter jejuni does not encode for any annotated urease or amino acid decarboxylase enzymes (26) and yet may remain within the stomach for up to 1 hour before passaging into the duodenum (27) . C. jejuni infection is one of the leading causes of gastroenteritis in humans, with typical symptoms including mild to severe abdominal pain and diarrhea. With an infectious dose as low as 800 organisms, C. jejuni is clearly well equipped to survive acid stress encountered within the stomach (28) . Indeed, C. jejuni can survive up to 30 minutes of exposure to pH 3.5 without any loss in cell viability (29) .
To gain greater insight into the acid adaptation strategies of this bacteria, transcriptional profiling of C. jejuni exposed to pH stress under in vitro conditions (Mueller-Hinton broth buffered at pH 4.5) and in vivo conditions (piglet stomach contents) was performed to identify important mechanisms for acid stress survival (30) . Transcriptional analysis of C. jejuni that was isolated from piglet stomach contents revealed significant upregulation of genes involved in heat shock response. These genes included the transcriptional regulator hrcA and protein chaperones involved in heat shock response (groEL, groES, dnaK, grpE, and clpB). Oxidative stress (cft) and nitrosative stress (ctb) responses were similarly upregulated. Genes that were significantly downregulated included those encoding for ribosomal proteins (rplABEFLOPRVX, rpsBCEHNQ, and rpmC), transcription (rpoC and nusG), and translation (infC, prfA, fusA, trmD, and tilS) (30) .
Transcript changes in response to acid of C. jejuni cultured under in vitro conditions identified many of the genes found to be differentially expressed in vivo. Genes that were highly upregulated in vitro include flagellum biogenesis (flgDEI, fliD), glycosylation (pseA, cj1321, cj1325, maf3, and neuA2), oxidative stress defense (ahpC, tpx, cj1064, katA, perR, and cft), iron uptake (cfbpABcj1658, cj1660, and cj1224), and citric acid cycle genes (icd, mdh, gltA, mfrABE, and sucCD). In addition, several transcripts showed increasing induction with increased acid exposure times, including the acid stress resistance gene cfa (cyclopropane fatty acid synthase), the nitrosative stress defense gene (cgb), and the FeS cluster assembly gene (nifU). Genes that were downregulated included chemotaxis genes (cetA/cetB and cj0262c), protein glycosylation genes (pglABC), and fatty acid biosynthesis genes (plsX, fabH, and ispA) (30) .
These studies suggest an important role for heat shock proteins in response to acid as well as induction of crossprotective stress defense mechanisms such as oxidative stress defense. Indeed, mutation of clpB (a cochaperone involved in refolding aggregated proteins along with DnaK-GrpE-DnaJ) resulted in increased acid sensitivity, demonstrating the importance of protein refolding for cell viability during pH stress in C. jejuni (30) . Furthermore, ribosomal protein genes were downregulated, possibly indicating an effort by the cell to redirect energy toward acid-stress survival gene expression.
Cell surface proteins also play an important role in the C. jejuni acid-stress response. Transposon mutants into capsular polysaccharide genes kpsS, hddC, cj1432c, cj1437c, and cj1442c revealed growth defects when cultured under low pH conditions, suggesting that the capsule plays an important role in protecting the cell from potential H + influx (31) . Flagellum biogenesis genes are also important in acid-stress survival. Both Le et al. and Reid et al. identified significant upregulation of flagellar biogenesis genes upon acid exposure (29, 30) . It is thought that induction of flagellum biogenesis might be a general stress response by C. jejuni (similar responses are observed for expression of oxidative and nitrosative stress genes) (31) . Alternatively, acid exposure may be used as a signal for C. jejuni to induce motility gene expression to prepare for intestinal colonization and invasion (29) . Indeed, functional flagella have been shown to be an important factor for adherence and invasion of C. jejuni into INT407 cells (32, 33) and also for oxidative stress resistance (34) . In support of this hypothesis, C. jejuni that was acid stressed at pH 5 displayed increased invasion of mouse intestinal crypt cells (m-ICc12) compared to nonstressed cells (pH 7) when grown using a transwell model (29) . This result suggests that acid exposure helps prime the bacteria for colonization and invasion, potentially by upregulation of flagellum biogenesis genes (29) .
OSMOTIC STRESS RESPONSE
Gastrointestinal pathogens are exposed to different levels of osmotic stress within the host as well as during transit between the environment and the host. Additionally, salting of foods as a method of preservation exposes food-borne pathogens to further osmotic stress, which must be overcome during the transmission phase from food to the host. Bacteria utilize numerous strategies to survive exposure to hyperosmotic or hypoosmotic environmental conditions. Two types of responses are involved during osmotic shock, consisting of immediate and long-term survival mechanisms. The immediate bacterial response involves sensing changes in the extracellular osmotic pressure due to the entry or exit of water from the cytoplasm, which results in changes in membrane tension, cell volume, turgor pressure, and intracellular ion concentrations (35) . To combat these changes, bacteria selectively release or uptake ions and small molecules using specific enzymes and membrane channels to prevent the rupture or dehydration of cells (35) . The long-term bacterial responses to osmotic stress involve the differential expression of transport systems as well as modifications to the composition of the cell membrane to survive hyper-or hypoosmotic conditions (35) . During hyperosmotic stress, Escherichia coli uptakes K + ions (immediate response) and organic osmolytes (trehalose, proline, glycine betaine) (long-term response) to prevent cellular dehydration ( Fig. 1) (35) . Cells can also synthesize these organic osmolytes as a response to changes in the osmotic environment. The organic osmolytes also serve a secondary role by maintaining protein stability and preventing degradation (36) .
Immediate Bacterial Responses to Osmotic Shock
The two osmosensing K + ion uptake systems within E. coli are the Trk and Kdp systems. The Trk system is a multimeric ATP-dependent, low affinity K + /H + symporter composed of TrkAEH(G) ( Fig. 1A ) (35) . TrkA encodes for an essential peripheral cytoplasmic regulatory subunit that is thought to regulate K + conductance by potentially sensing the redox state of the cell (37) . TrkE contains an ATP-binding cassette involved in import, and TrkH (or TrkG) encodes for the ion-conducting translocation subunit (35) . The Trk transport system is constitutively expressed in E. coli and utilizes the proton motive force of the cell and ATP to provide the energy required for K + uptake (38) .
E. coli expresses a second inducible high-affinity K + uptake system, KdpFABC. In contrast to the Trk system, the high K + affinity of the Kdp uptake system allows for cellular scavenging of K + ions during conditions of K + limitation or osmotic stress (39) . The KdpA subunit is the K + ion translocation subunit, KdpB is an ATPase, KdpF plays a role in maintaining complex stability, and KdpC functions in assembly of the Kdp-ATPase complex ( Fig. 1A) (35) . The expression of this inducible K + ion transport system is controlled by the two-component response regulator KdpDE (40) . KdpD is a histidine FIGURE 1 The immediate and long-term osmotic shock responses of bacterial pathogens protect against changes in osmolarity during host colonization. (A) During initial exposure to hyperosmotic shock, pathogens transport K + ions from the external environment into the cytoplasm to prevent cellular dehydration. K + ion uptake can occur utilizing the lowaffinity TrkAEH(G) or high-affinity KdpFABC acquisition systems. (B) Following initial K + uptake, uptake of glycine betaine and choline, and synthesis of trehalose are part of the long-term bacterial adaptations to osmotic stress. Uptake of glycine betaine is mediated by the ProP and ProVWX systems. Choline is transported by BetT into the cytoplasm and converted into betaine aldehyde and then glycine betaine by BetA. Alternatively, BetB can catalyze the conversion of betaine aldehyde into glycine betaine. Finally, trehalose can be synthesized from glucose by either BetA or BetB. Chol, choline; GB, glycine betaine; BA, betaine aldehyde.
kinase that senses and responds to the ionic strength, K + , and ATP concentrations within the cytoplasm (41) . Under hyperosmotic stress, KdpD is autophosphorylated and subsequently phosphorylates the response regulator protein KdpE, leading to induction of kdpFABC (40, 42) . The importance of the Trk and Kdp K + uptake systems in pathogenesis has been investigated in Salmonella using both mouse and chick virulence models (43) . ΔtrkA single and ΔkdpAΔtrkA double deletion mutants were found to be significantly attenuated in virulence using a pathogenic mouse model. Furthermore, the ΔtrkA and ΔkdpAΔtrkA mutant strains were also attenuated for virulence using a chick survival assay. Indeed, inoculation of chicks with the mutant strains resulted in greater chick survival over a 2-week period relative to chicks that received the wild type strain. Clearly, these K + acquisition systems are important for Salmonella host colonization and virulence (43) .
Long-Term Bacterial Survival of Osmotic Shock
The Trk and Kdp ion transport systems are part of the immediate cellular responses to osmotic shock. However, bacteria, including E. coli, preferentially use alternative osmoprotectant molecules (trehalose, proline, glycine betaine) as part of their long-term survival mechanisms to hyperosmotic shock. E. coli cells show preferential uptake of proline and glycine betaine followed by trehalose synthesis after the initial K + ion intake (44) . Indeed, it has been demonstrated that K + uptake is the initial transient response of the cells to osmotic shock. High intracellular levels of K + ions inhibit E. coli growth and thus necessitate the use of alternative organic osmolytes for sustained protection against hyperosmotic stress (44) . Several uptake systems have been characterized for these organic osmolytes consisting of the ProP, ProU, and BetT transporters ( Fig. 1B) . ProP encodes for an H + /osmoprotectant symporter which displays a high affinity for glycine betaine import as well as a lower affinity for uptake of a series of substances including proline, proline betaine, and ectoine (45) . Import of these substances by ProP occurs in response to environmental osmolarity, as well as cytoplasmic levels of K + ions and osmolytes (46) . The energy required for the uptake of osmoprotectant substances is provided by the proton motive force (46) . Deletion of ΔproP in uropathogenic E. coli results in a 100-fold decrease in bacteria recovered from the bladders of mice, suggesting the importance of osmoprotectant uptake by ProP for successful colonization and virulence (47) .
ProU, like ProP, also has a broad range of substrates and has a high affinity for glycine betaine (48) . The ATP-binding cassette transport system, ProU, is a multisubunit complex consisting of ProV, ProW, and ProX (Fig. 1B) . The ProV subunit is a cytoplasmic, innermembrane ATPase protein and has an important role in osmosensing (48, 49) . ProW is an integral transmembrane protein (50) , and ProX is a periplasmic binding protein which delivers specific substrates to the ProVW transport complex (48) . In E. coli, ProU activity has been shown to be induced in response to increased osmotic stress (48) . OpuC, an ortholog of ProU, was found to play an important role in the colonization and virulence of L. monocytogenes in a murine model of infection. Mutation of opuC resulted in a significant decrease in colonization of the mouse small intestine and decreased systemic infection of the spleen and liver (51) .
Additional long-term adaptation responses to osmotic stress in E. coli include the uptake of choline by the BetT transporter followed by the synthesis of the osmoprotectant molecule glycine betaine (Fig. 1B ). The Bet system is composed of an integral membrane, BetT, which utilizes the energy provided by the proton motive force to transport choline into the cytoplasm with high affinity (52) . Once choline enters the cytoplasm, betA and betB, which encode for choline dehydrogenase and betaine aldehyde dehydrogenase, respectively, convert choline into glycine betaine (52) . BetA is membrane bound and catalyzes the oxidation of choline into betaine aldehyde and then into glycine betaine. BetB is a soluble, cytosolic enzyme which specifically converts betaine aldehyde into glycine betaine and requires a NAD + cofactor to function (53) . High osmolarity was found to increase the enzymatic activity of these enzymes in E. coli (53) .
Finally, E. coli also synthesizes trehalose to protect against the hyperosmotic stress conditions encountered by the cell. OstA and OstB catalyze the synthesis of trehalose from glucose ( Fig. 1B) . OstA is a trehalose 6phosphate synthase and OstB is a trehalose 6-phosphate phosphatase (54) . Induction of the ostAB genes occurs under conditions of both osmotic stress as well as during stationary phase growth (55) .
Alternative Strategies for Osmotic Stress Survival in C. jejuni
In contrast to enteric pathogens such as E. coli, other bacteria such as C. jejuni are relatively sensitive to osmotic stress. C. jejuni will not grow under osmolarities of ∼1 osmol/liter, in contrast to E. coli, which can grow in 1.7 to 2 osmol/liter and even survive for periods in solutions of 10 osmol/liter (56, 57) . In support of this increased sensitivity, C. jejuni does not contain many of the primary defense systems against osmotic shock that are present in other bacteria, such as potassium transporters and the ability to produce compatible solutes (i.e., trehalose) (58) . In addition to dealing with increases in osmolality, C. jejuni must also be able to adapt to sudden decreases in osmolality. For example, the osmolality of the human intestine is estimated to be 0.3 osmol/ liter, compared to 0.9 osmol/liter in the chicken duodenum (59, 60) . C. jejuni would also presumably be exposed to sudden downshifts in osmolarity when expelled from the host gastrointestinal tract into the environment.
Conditions of hypo-osmolarity occur when the bacterium is exposed to a low-solute-containing solution. This increases pressure on the bacterium as solvent rushes into the cell and threatens to expand the cell until it bursts. One of the primary defense mechanisms against this threat is mechanosensitive channels (MSCs). These channels are sensitive to external pressures on the cell membrane (61) . Alterations in the membrane tension result in conformational changes that lead to a pore opening in the MSC. This pore allows for the passage of solvent/solute molecules that relieves the membrane tension (61) . While E. coli has four types of MSC (largeconductance, small-conductance, mini-conductance, and potassium-dependent), C. jejuni contains only two versions of the small-conductance types (Cjj0263 and Cjj1025) (61, 62) . Deletion mutants into these two channels revealed that the Δcjj0263 mutant was more sensitive to osmotic downshifts compared to the wild type, Δcjj1025, or the Δcjj0263Δcjj1025 double deletion mutant (62) . When tested in chick colonization assays, only the Δcjj0263Δcjj1025 double deletion mutant was significantly affected in its ability to colonize the host. This suggests that when inoculated under experimental conditions (i.e., oral gavage), either cjj0263 or cjj1025 is dispensable. Interestingly, the recovered bacteria from the chick ceca (wild type, Δcjj0263, or Δcjj0263Δcjj1025) showed differing phenotypes to subsequent hypoosmotic shock (62) . The resuspended Δcjj0263 and Δcjj0263Δcjj1025 isolates were less able to survive the osmotic downshift induced by diluting the inoculum 10-fold in water. This suggests that while the MSC mutants may be able to colonize, they may be defective during environmental transit to new hosts (62) .
Both Cjj0263 and Cjj1025 were found to contain potential N-linked glycosylation sites. When whole cell lysates from wild type and ΔpglB mutants were immunoblotted with anti-Cjj0263 and anti-Cjj1025, both channels showed a PglB-dependent shift in their molecular size (62) . Testing the ΔpglB mutant for its sensitivity to hypo-osmolality revealed a slight decrease in its survivability (∼2-to 3-fold reduction) compared to the wild type (62) . This compares to the ∼500-fold decrease seen in the Δcjj0263 mutant and suggests that N-linked glycosylation is not required for Cjj0263 function (62) . Nonetheless, these results do indicate that the C. jejuni N-linked glycosylation system does play a role during osmotic shifts. The level of free oligosaccharides derived from the N-linked glycosylation pathway has been shown to be correlated with salt levels, with low free oligosaccharides under high salt conditions and correspondingly higher free oligosaccharides under low salt growth conditions (63) . Indeed, mutants defective in various steps of the N-linked glycosylation pathway are sensitive to high salt levels (64) . Recent work has also revealed that the C. jejuni ΔkpsM mutant that is defective in capsule biogenesis is also more sensitive to high salt conditions (58) .
While C. jejuni may not contain the prototypical defense mechanisms against hyperosmotic conditions, recent work has suggested the presence of a novel strategy to combat this stress. When C. jejuni is exposed to high salt conditions, it appears to form distinct subpopulations of cells that differ in their expression of key proteins such as AtpF (F 1 F 0 ATP synthase) (58) . Sampling of C. jejuni cultures grown under normal conditions revealed the presence of subpopulations of cells that were either more sensitive or resistant to hyperosmotic conditions compared to the wild type (58) . Moreover, C. jejuni appears to form a bistable population of differently sized colonies under high salt conditions. The authors speculate that this may be a form of "hedge-betting" by C. jejuni to ensure that there are always members of the population that are capable of overcoming future stresses such as osmolality shifts (58) . Given that C. jejuni is missing many of the known DNA repair systems, these bistable populations could arise from phase variation in known/ unidentified contingency regions or from point mutations during replication (58, 65) .
OXIDATIVE STRESS RESPONSE
One of the major strategies used by host organisms to fight bacterial infections is by exposing invading pathogens to reactive oxygen species (ROS). The major host innate immune defenses against bacterial colonization and invasion include macrophages, neutrophils, and inflammatory monocytes. These phagosomes use a multisubunit plasma membrane-associated enzyme (NADPH oxidase) to initiate the oxidative burst by generating superoxide (O 2
•−
). The NADPH oxidase transports electrons into the phagosome which are then available for the reduction of molecular oxygen to pro-
•− produces a second ROS hydrogen peroxide, H 2 O 2 (Fig. 2) (66) . Neutrophils and monocytes (but not macrophages) also express myeloperoxidase, which produces bactericidal compounds by converting O 2
•− and H 2 O 2 into hypochlorite, hypobromite, or hypoiodite (67) . The pathogenic bacteria that are engulfed within these phagosomes are exposed to ROS, which can either inhibit growth or kill the bacteria by damaging important biological molecules such as DNA, proteins, and lipids (66) . Furthermore, enteric pathogens can also be exposed to ROS from host microbiota, such as lactic acid bacteria, that produce and secrete H 2 O 2 into the gastrointestinal tract (68) . Consequently, pathogens encode for numerous direct oxidant detoxification enzymes to survive the harmful effects of oxidative stress encountered during host colonization and pathogenesis (Fig. 2) . These enzymes include the intensely studied and wellcharacterized superoxide dismutase, catalase, and alkyl hydroperoxide reductase enzymes.
Direct Oxidative Stress Defenses
Bacterial pathogens typically encode for one or more superoxide dismutase enzymes which differ in their metal cofactors, cellular location, and regulation. Despite the diversity and number of these enzymes across bacterial species, the superoxide dismutase enzymes function by converting O 2
•− into H 2 O 2 and O 2 (Fig. 2) . Bacteria such as C. jejuni only encode for one iron cofactored superoxide dismutase, SodB (26, 69) . Conversely, E. coli contains three superoxide dismutase enzymes (SodA, SodB, and SodC), which are cofactored with manganese, iron, and copper-zinc, respectively. SodA and SodB are cytoplasmic enzymes, in contrast to SodC, which is located within the periplasmic space (70, 71). Furthermore, the sodA and sodB genes are under regulatory control by different transcriptional regulators. sodA is induced by SoxSR (superoxide stress response) and is Fur (ferric uptake regulator) and AcrA (aerobic regulation control) repressed (72) , whereas sodB is indirectly activated by Fur through the action of the non-coding RNA (ncRNA) RyhB (73) . S. Typhimurium expresses two periplasmic copper-zinc superoxide dismutases, SodCI and SodCII (74) , in addition to cytosolic SodA and SodB. sodCII is encoded on the bacterial chromosome in all S. enterica strains, whereas sodCI is expressed from the Gifsy-2 bacteriophage located within the more virulent serovars of S. enterica (Typhimurium, Enteritidis, Dublin, Choleraesuis, Heidelberg, Gallinarum, Pullorum, Typhisuis, Haifa, Newport, Paratyphi B, and Saintpaul) (74) . Studies involving the two periplasmic Sod enzymes revealed that SodCI has greater stability and catalytic activity than SodCII (75) . In vivo experiments using a mouse virulence model have further demonstrated that SodCI plays a greater role in bacterial virulence compared to SodCII. Indeed, deletion of sodCI results in a significant decrease in mouse mortality relative to wild type S. Typhimurium, whereas the ΔsodCII mutant showed only a modest (but not statistically significant) reduction. In addition, sodCI was also found to be significantly upregulated in S. Typhimurium recovered from macrophages (75) .
The enzymatic reaction carried out by SOD enzymes produces a second ROS, H 2 O 2 . H 2 O 2 detoxification can be carried out by numerous enzymes within bacteria, including catalase and alkyl hydroperoxide reductase (Fig. 2 ). Catalase enzymes dismutate H 2 O 2 into H 2 O and O 2 . There are three classes of catalases: monofunctional catalases, bifunctional catalase-peroxidases, and non-heme-containing manganese catalases (76) . The monofunctional catalases consist of two subgroups: large (>75 kDa) and small (>54 kDa) subunit catalases. Monofunctional catalases are typically tetrameric proteins consisting of four identical subunits. Each subunit has a heme prosthetic group which facilitates the twostep oxidation and reduction reaction required to catalyze H 2 O 2 dismutation (equations 1 and 2).
EnzðPor-Fe
During the first reaction, the heme group is oxidized to a high valent, oxoferryl porphyrin cation radical intermediate by H 2 O 2 . During the second step, a second H 2 O 2 molecule reduces the oxoferryl porphyrin cation radical back to its resting ferric state. Overall, this reaction consumes two molecules of H 2 O 2 and yields two H 2 O and one O 2 (77) .
Bifunctional catalase-peroxidase enzymes are typically homodimers which display both catalase activity and peroxidase activity (78) . In addition to the catalase reaction mechanism, the catalase-peroxidase enzyme can also use a peroxidase reaction mechanism to detoxify H 2 O 2 and other organic compounds if a suitable electron donor is available within the cell. Following the oxidation of the heme iron (equation 1), the electron donor reduces the heme iron back to its resting state by two one-electron transfers (equations 3 and 4) or one two-electron transfer (equation 5) (78) .
EnzðPor-Fe IV ÀOHÞ þ AH→EnzðPor-
The third type of catalase is the nonheme manganesecontaining catalase. The enzyme is hexameric in structure, with each subunit containing a di-manganese active center. Manganese catalases display lower specific enzyme activities compared to other catalase types, providing a possible explanation for why they are found in lower abundance across bacterial species (79) . The reaction catalyzed by manganese catalases involves the di-manganese active site, which utilizes a distinct reaction mechanism compared to heme-containing catalases (equations 6 and 7).
Manganese catalases are able to detoxify H 2 O 2 in either the 2 + or 3 + oxidation state. Therefore, either reaction 6 or 7 can occur depending on the oxidation state of the enzyme, with H 2 O 2 acting as either an oxidant (Mn-Mn II state) or reductant (Mn-Mn III state). Furthermore, detoxification of H 2 O 2 only involves the transfer of electrons with the active center, unlike heme catalases, which require the formation of a reactive intermediate species (79) .
Much like Sod enzymes, the types, cellular location, and regulation of catalases can differ vastly across different enteric pathogens. H. pylori and C. jejuni contain only one monofunctional catalase enzyme, KatA (26, 80) . KatA from H. pylori has also been shown to localize within both the cytoplasmic and periplasmic cellular compartments. KatA is transported to the periplasm in a twin-arginine translocation-dependent manner using the KatA accessory protein, KapA (81) . E. coli contains two catalases: one monofunctional large-subunit catalase (KatE) and one catalase peroxidase (KatG). The katE gene is upregulated under stationary phase and controlled by the stationary-phase-specific sigma factor, σs (82) (83) (84) . katG expression is inducible upon exposure to H 2 O 2 and is regulated by OxyR (66) . The highly virulent O157:H7 Shiga-toxin-producing E. coli strain also expresses a third catalase peroxidase, periplasmic KatP (Fig. 2) (85) . The katP gene is encoded within the pO157 plasmid, and it is predicted to be an important virulence factor (85, 86) . S. Typhimurium encodes for three catalase enzymes: katE, katG, and katN (manganese catalase). katN, like katE, is regulated by the stationary-phase-specific sigma factor, σs (87). Interestingly, during stationary phase growth, a katN mutant did not display increased sensitivity toward H 2 O 2 relative to the wild type strain, suggesting a relatively minor role for this enzyme within the cell (87) .
Catalase enzymes have been extensively characterized in in vivo infectious models and play highly critical roles for successful bacterial colonization and pathogenesis. Deletion of katA in C. jejuni results in decreased fitness compared to the wild type strain in a pathogenic neonate piglet model of infection (88) . Similarly, mutation of the C. jejuni KatA heme trafficking protein, Cj1386, also resulted in out-competition by the wild type strain in piglets (88) . Using a murine model of infection, both katA and kapA H. pylori mutants were attenuated for colonization of the gastric mucosa and were found to be required for long-term colonization (89) . In vivo pathogenesis models involving KatA, Cj1386, and KapA highlight that catalase biogenesis and accessory proteins play an equally critical role during infection like KatA and provide potential novel therapeutic targets.
Hydrogen peroxide and organic peroxide detoxification is also performed within bacteria using alkyl hydroperoxide reductase (Ahp) enzymes (Fig. 2) . Ahp consists of two subunits, AhpC and AhpF, where AhpC is a peroxidase and AhpF is an NADH-reducing flavoprotein. AhpCF detoxifies H 2 O 2 by the transfer of electrons from NADH to H 2 O 2 to produce two molecules of H 2 O (90). In E. coli, AhpC scavenges low levels of cellular H 2 O 2 (<20 μM) and helps maintain the concentration of H 2 O 2 within the cell to approximately 20 nM (91) . However, due to the requirement of using an NADH cofactor to regenerate the AhpC subunit, when extracellular levels of H 2 O 2 exceed 20 μM, AhpC activity becomes saturated and catalase becomes the primary detoxifier of H 2 O 2 (66) . In H. pylori, ΔahpC mutants failed to colonize the gastric mucosa of mice (92) . Deletion of ahpC in C. jejuni also results in attenuated colonization in a chick colonization model (93) .
In some bacterial species, catalase and alkyl hydroperoxide reductase enzymes have compensatory roles requiring tandem deletion of two or more H 2 O 2 detoxification enzymes to observe an in vivo phenotype. Indeed, in S. Typhimurium, mutation of katE, katG, katN, ahpC, and tsaA (alkyl hydroperoxide reductase) is required to observe attenuation in virulence in a mouse model of infection (94) . Similar findings have been observed in Brucella abortus in which a double deletion ΔahpCDΔkatE mutant displayed a significant reduction in virulence in both C57BL/6 and BALB/c mice compared to the parental strain (95) . Attenuation in virulence, however, was not observed for the single ΔahpCD and ΔkatE mutants, suggesting functional redundancy between these two detoxification enzymes during host colonization and exposure to ROS (95) .
Indirect Oxidative Stress Defenses
In addition to the major ROS detoxification enzymes which play significant roles in oxidative stress survival during host colonization and pathogenesis, indirect defenses have been identified that also contribute significantly to bacterial virulence. Repair mechanisms play crucial roles during colonization to reverse the damage inflicted on biological molecules as a result of oxidative stress. Oxidants can damage DNA, proteins, and lipids, which can disrupt important cellular processes leading to growth inhibition and cell death. Consequently, these molecules must be repaired to restore proper biological function. Methionine is one amino acid that is frequently damaged by oxidative stress due to its highly oxidizable sulphur atom (96) . Oxidation of methionine produces two isomers: S and R methionine sulfoxide (MetO). S-MetO and R-MetO can be reduced by MsrA (methionine sulfoxide reductase) and MsrB/MsrC, respectively (97) . Free S-MetO can also be reduced by biotin sulfoxide reductase, BisC. Additionally, BisC reduces biotin sulfoxide-an inactive molecule produced from the oxidation of biotin (98) . Biotin is involved in many important cellular metabolic processes because it functions as a cofactor for a multitude of carboxylase enzymes (99) . Thus, it has been found that biological repair mechanisms such as Msr and BisC are indirectly important for oxidative stress resistance and pathogenesis (97, 98) . Deletion mutants of ΔmsrA and ΔmsrBΔmsrC in S. Typhimurium were found to have increased sensitivity toward exogenous H 2 O 2 (97) . Additionally, the ΔmsrA and ΔmsrBΔmsrC mutants displayed reduced growth in activated murine macrophages and were attenuated for virulence in mice (97) . Recently, BisC has also been shown to be important for H 2 O 2 resistance as well as pathogenesis as assessed in a murine infectious model (98) . Overall, these repair mechanisms play highly important roles in repairing cellular components damaged by oxidative stress and are essential for colonization and virulence.
Uptake of D-alanine by S. Typhimurium during infection has also been characterized as an indirect defense mechanism to protect the organism against oxidative stress (100, 101) . Within the neutrophil phagosome, the flavin cofactored D-amino acid oxidase (DAAO) catalyzes the production of an α-ketoacid and NH 4+ from the deamination of D-amino acids (i.e., D-alanine, D-serine). During the reaction, the reduced flavin cofactor is reoxidized by O 2 to yield H 2 O 2 (102) . Therefore, the production of H 2 O 2 by DAAO represents part of the host innate defense mechanism against bacterial invasion. S. Typhimurium encodes for an ATP-binding cassette transporter for D-alanine acquisition, DalSTUV (100). The periplasmic binding protein of the transporter is encoded by dalS and specifically binds Dalanine. In vivo virulence experiments in C57BL/6 mice result in increased survival of mice orally inoculated with a ΔdalS mutant strain relative to the parental strain (100) . Furthermore, the ΔdalS strain displayed decreased fitness relative to the wild type strain as determined from enumeration of the bacterial load within the spleen, liver, and cecum (100). The ΔdalS strain had decreased survival after 2 hours of exposure to purified DAAO in the presence of D-alanine (101) . Reporter assays designed to determine intracellular S. Typhimurium H 2 O 2 stress levels found a significant increase in DAAOdependent H 2 O 2 killing in the ΔdalS strain (101) . In support of this finding, purified neutrophils were infected with wild type and the ΔdalS mutant strain and revealed decreased survival of the ΔdalS mutant strain (101) . Inhibition of DAAO using 6-chloro-1,2benzisoxazol-3(2H)-one (CBIO) rescued the survival defect of the ΔdalS mutant (101). Thus, uptake of D-alanine by S. Typhimurium likely decreases the available D-alanine that can be utilized by DAAO to produce H 2 O 2 and other bactericidal compounds. Overall, these results demonstrate the importance of D-alanine import for bacterial survival within neutrophils by helping to evade DAAO-mediated bacterial killing.
NITROSATIVE STRESS RESPONSE Basic Chemistry of Nitric Oxide (NO) and Reactive Nitrogen Species (RNS)
In addition to ROS stress, pathogenic bacteria must also contend with the presence of NO and various other RNS during colonization (collectively referred to as nitrosative stress [NS]). The full repertoire of targets and defenses against NS remains incomplete due to the complex chemistry of NO and related nitrogen species in the cell. This complexity is further enhanced by the fact that many of these RNS interact with each other, with ROS, and with reactive metal centers. What follows is a brief discussion of RNS to orient the reader to the essential elements of NS, and readers are encouraged to refer to several excellent reviews for a more thorough discussion of RNS chemistry (103) (104) (105) (106) (107) (108) (109) .
NO is the base component for many RNS. Although uncharged, NO contains an unpaired electron and can thus be considered to be a "free radical" (103). In contrast to some other stereotypical free radicals (such as O 2
•− or • OH), NO is a weak oxidant and does not initiate oxidation pathways strongly by itself. NO rapidly reacts with existing free radicals. This contributes to the complex chemistry of RNS, because depending on the circumstances, NO can be considered a potent antioxidant by quenching oxidizing free radicals or NO can exacerbate oxidative reactions through its interaction with other relatively benign free radicals. For example, NO readily interacts with dioxygen to form nitrogen dioxide (NO 2 ) (both of which are uncharged free radicals) (equation 8).
In contrast to NO, NO 2 (note that NO 2 is not equivalent to nitrite [NO 2-]) is an oxidant and oxidizes thiols, tyrosines, etc. (103) . NO 2 also reacts with NO to form dinitrogen trioxide (N 2 O 3 ) (equation 9).
It is important to note that equations 8 and 9 are likely to be more biologically relevant in membrane environments. This is because two molecules of NO are required to initiate this cascade, and levels of both NO and O 2 tend to be higher in lipophilic environments than in the aqueous cytoplasm (110) . N 2 O 3 formed from NO 2 and NO subsequently either reacts with H 2 O to generate two NO 2− (equation 10) or reacts with nitrosylated nucleophiles (Nuc-) to generate NO 2− (equation 11).
NO also reacts with superoxide anions to form peroxynitrate (ONOO − ) (equation 12), which rapidly oxidizes a variety of biologically relevant substrates or eventually decomposes to nitrate and carbonic acid (equation 13) (103, (107) (108) (109) .
In addition, NO reacts with dioxygen bound to metals (i.e., oxymyoglobin, oxyhemoglobin) in a similar manner as superoxide due to the extensive electron donation of dioxygen to the metal center (equation 14).
½Mb-Fe
In contrast to the analogous sequential reactions seen above (equations 12 and 13), this reaction does not appear to generate an intermediate peroxynitrate (111) . Hemoproteins are also important biological targets of NO (104). When NO reacts with ferric heme it becomes slightly positively charged and can thus be attacked by an appropriate nucleophile (e.g., thiols, H 2 O) which will become nitrosylated (equation 15) (103). The ferrous ion in the heme center must, of course, be reoxidized for the process to be catalytic.
½Por-Fe
III þ NO→½Por-Fe III ÀNO↔Por-Fe II -NO þ þ Nuc-H→Por-Fe II þ Nuc-NO þ H þð15Þ
Sources of NS in the Gastrointestinal Tract
The primary sources of NS in the gastrointestinal tract arise from the action of the host NO synthases (NOSs).
There are three forms of NOS: endothelial (eNOS), neuronal (nNOS), and inducible (iNOS) (112) . All three NOSs catalyze the formation of NO from the conversion of L-arginine to L-citrulline with the concomitant consumption of NADPH and O 2 . eNOS and nNOS are constitutively expressed and are involved in cellular signaling, whereas iNOS is specifically induced upon exposure to cytokines (113) . iNOS is also able to produce much more NO than either eNOS or nNOS. NO produced by iNOS is part of the oxidative burst generated by macrophages during an infection. However, NO production does not occur as rapidly as superoxide generation and is believed to commence ∼8 hours postinfection (114) . NS can also arise from the presence of nitrate (NO 3− ) and nitrite (NO 2− ) in the gastrointestinal tract (106) . These compounds originate from both ingested food and from the host itself. The primary dietary source of nitrate is from vegetables. Nitrate can also be produced by the host through the action of NOS (primarily eNOS), because the NO produced can react with oxidized hemoglobin to form nitrate (106, 115) . Interestingly, saliva contains high levels of nitrate, with up to 25% of plasma nitrate actively secreted by the salivary glands (116) . Oral microbiota reduce the nitrate present in saliva to nitrite (105, 117) . When fasting, saliva normally contains 50 to 150 μM nitrite (10 time greater than plasma levels) but can increase to concentrations of 1 to 2 mM upon ingestion of nitrate-rich food (116) . Because humans ingest approximately 1 liter of saliva a day, this represents an important influx of nitrite into the gastrointestinal tract (106) . Ingested nitrite is protonated in the acidic environment of the stomach, forming nitrous acid, which ultimately forms nitrogen trioxide and its downstream NS products (including NO) (equations 9-11) (105, 106) . Indeed, the concentration of NO in the stomach can increase from a baseline level of 20 ppm (from fasting levels of nitrite present in saliva) to >400 ppm after the ingestion of a nitrate-rich meal (118) . While the former concentration of NO is insufficient to kill enteric pathogens (i.e., E. coli, Salmonella, etc.), the latter kills most enteric pathogens in approximately 1 hour (119).
The gut microbiota is able to generate NO using nitrate or nitrite as a substrate. In particular, several commensal bacterial genera (i.e., Bifidobacteria, Lactobacilli) are capable of generating NO from nitrite (120) . In contrast, typical pathogens such as E. coli and Clostridium difficile were not only unable to generate substantial NO, but they actively consumed NO instead (120) . It should be noted, however, that some pathogens such as Salmonella species are capable of producing NO in a nitrate-dependent manner (121) . Certain bacteria also contain their own NOSs and can thus catalyze the formation of NO from L-arginine (122) .
Bacterial Nitrosative Stress Defenses
Among the most important protein families involved in NS survival are bacterial globins (103, 123) . These heme-containing proteins have been classified into three families: flavohemoglobins, single-domain globins, and truncated globins. Bacterial globins are induced under conditions of NS and detoxify NO. Currently, flavohemoglobins are the best-understood class. These proteins are composed of an N-terminal globin domain (which contains the heme cofactor) and a C-terminal reductase domain. Flavohemoglobins are not believed to be involved in the metabolism of oxygen. The Cterminal domain catalyzes the oxidation of NADH/ NADPH, which results in the reduction of N-terminal heme via a flavin adenine dinucleotide cofactor (123) . The flavohemoglobins' reduced heme subsequently converts NO and O 2 into nitrate. In contrast to the structure of flavohemoglobins, the single-domain globins are missing a C-terminal reductase domain. They are believed to function analogously to the flavohemoglobins with regard to their enzymatic activity but presumably require another protein to reduce their heme cofactors after each round of detoxification. Some single-domain globins may also have a role in oxygen metabolism (124) . The last group of bacterial globins, the truncated globins, are the most recently discovered group and are thus the least characterized. Their direct function is somewhat unclear. Some appear to be involved in NO detoxification (125) , while others appear to modulate the internal concentration of NO as a function of oxygen concentration (126) . Like the single-domain globins, truncated globins do not have a reductase domain. However, it has been speculated that rather than being reduced by another protein, truncated globins may simply use reducing agents present in the cytoplasm (i.e., glutathione) (127) (128) (129) .
Another defense mechanism that bacteria use to detoxify NO is through the use of NO reductases (103) . NO reduction is performed through the concerted action of a flavorubredoxin (NorV) and associated flavoprotein (NorW) which reduce NO to the less toxic N 2 O (130-132). In nitrifying bacteria N 2 O undergoes fixation to N 2 . Because the flavorubredoxin is sensitive to oxygen (132) , NO reduction typically only occurs under microaerophilic or anaerobic conditions. Thus, numerous bacteria possess both bacterial globins and NO reductases to detoxify NO under both oxygen-rich and -limiting conditions (103) .
Many bacteria can use nitrite as an electron accepter under conditions of low oxygen availability (106) . The periplasmic nitrite NrfA catalyzes the reduction of nitrate to ammonia with six electrons consumed in the process, and it has been proposed that NO is an intermediate in this reaction (103, 106) . There is evidence that NrfA may also play a role in NO detoxification because it can also use NO as a direct substrate (133) (134) (135) . Indeed, NrfA's location in the periplasm could also conceivably detoxify NO prior to entry into the cytoplasm (134) .
The Effect of NS on Virulence: Inducible Host NS Generation
As discussed above, one of the primary sources of NS in the host is through the iNOS system. iNOS is highly expressed in specialized immune cells such as macrophages and is often targeted at engulfed pathogens present in phagosomes (112, 113) . Macrophages that have iNOS function deleted or impaired through the use of inhibitors are defective in killing various pathogens in vitro (136, 137) . The effect of NS in controlling pathogens in vivo is more complex. While ROS generators appear to be essential for short-term killing of bacterial pathogens (hour time spans), studies have indicated that iNOS-induced NS is primarily focused at controlling enteric pathogens over longer periods of time (days to weeks) (138) (139) (140) . In fact, iNOS does not appear to be required for controlling Salmonella infection over the first week of infection but is instead required for long-term clearance (140) . Recent work has suggested that the primary role of iNOS and its inducible NO response may be to eliminate pathogens that survived the initial oxidative burst generated by macrophages and to kill bacteria that have infected cells that are unable to mount a potent oxidative killing response (138) .
Much of the biochemical work on bacterial resistance against NS has been done with E. coli, and thus its defenses against NS are particularly well characterized. E. coli encodes for both a flavohemoglobin (hmp) (141) (142) (143) and an NO reductase (norVW) (131) that are important for aerobic and anaerobic NO detoxification, respectively. Mutants in either system show impaired survival against NS (103, 141, 142, 144, 145) . Interestingly, there are certain circumstances where the presence of NS appears to be beneficial for E. coli colonization or pathogenesis. In a mouse model of meningitis, iNOS −/− mice were more resistant to infection with E. coli K1 and showed reduced levels of inflammation compared to wild type controls (146) . Treating wild type mice with an iNOS inhibitor also resulted in reduced damage and complete clearance of the bacteria (146) .
Recent work has also shown that commensal E. coli benefit from the production of host-derived nitrate in an inflamed gut and increase in numbers (147) . This increased growth was not apparent in iNOS −/− mice. It is unclear whether pathogenic E. coli could also indirectly benefit from endogenously produced nitrate because this would appear to upend our current understanding of how NO production works to control pathogenic infections. It should be noted, however, that a recent paper has also identified a link between iNOS activity (and thus nitrate levels) and increased colonization potential of E. coli in streptomycin-treated mice (148).
Salmonella species have evolved numerous systems for dealing with NS generated by the host. Salmonella species encode a flavohemoglobin (hmp) that has been shown to be induced under NS and catalyze the detoxification of NO (141) . A mutant in hmp was compromised in its ability to survive NO stress both in vitro (149) and in vivo (150) . Salmonella also encodes for NO reductases (norVW) to allow for detoxification of NO under anoxic conditions (151) . Moreover, Salmonella nitrate reductase also plays a role in NO detoxification under conditions of anaerobic respiration (151) . Finally, Salmonella can directly inhibit the colocalization of iNOS with phagosomes via its SPI2 pathogenicity island and thus prevent the accumulation of NS and cellular injury (152) .
In C. jejuni the single-domain hemoglobin Cgb is believed to be the primary inducible defense mechanism against RNS in C. jejuni (153, 154) . Mutants in cgb showed increased sensitivity to various nitrosative stress agents. While Δcgb mutants were unaffected in their adhesion to and invasion of Caco-2 cells, the Δcgbinfected Caco-2 cells overproduced NO compared to cells infected with wild type C. jejuni (153) . C. jejuni also contains a constitutively expressed defense mechanism against NO toxicity. The NrfA protein has been shown to be the sole nitrate reductase in C. jejuni (133) . Deleting nrfA results in sensitivity to several different sources of RNS and reduced growth in the presence of nitrite. However, both the sensitivity and growth defect are less severe in the ΔnrfA mutant than in the Δcgb mutant (133) . Mutants in ΔnrfA were not affected in their ability to colonize the chick gastrointestinal tract, indicating that the constitutively expressed NO detoxification provided by NrfA is not required when colonizing this C. jejuni host (133) . This result suggests that there is either minimal RNS present during commensal colonization (as one would expect) or that the inducible RNS defense systems (e.g., Cgb) are sufficient to overcome any RNS stresses present.
CONCLUSION
The host gastrointestinal tract exposes pathogens to a diverse range of physical and chemical stresses which must be detoxified or tolerated by the bacteria until more favorable conditions are encountered. Bacteria are able to maintain pH homeostasis during transit through the low pH of the stomach by several wellcharacterized direct H + consumption or expulsion mechanisms, such as those characterized in Helicobacter, Listeria, and Salmonella species. Interestingly, bacterial pathogens such as Campylobacter lack these well-defined direct detoxification mechanisms to resist pH fluctuations. Instead, Campylobacter relies on indirect defenses to survive acid exposure using its protective capsule and also induction of heat shock proteins. Resistance to changes in osmolarity have been found to consist of an immediate response followed by longterm responses which utilize proteins involved in K + influx and osmoprotectant molecules (trehalose, proline, glycine betaine), respectively. A novel strategy to survive osmotic shock has been characterized in Campylobacter, which was found to form distinct subpopulations that varied in expression of key genes upon exposure to increased salt concentrations. Furthermore, the presence of phase variability and the lack of characterized DNA repair mechanisms are thought to contribute to the observed heterogeneity in Campylobacter. The presence of bacteria with differing sensitivities to increased salt concentrations likely ensures that there are cells able to resist variations in environmental conditions. Survival of bacterial pathogens against oxidative and nitrosative stresses has been well characterized over the years. Key enzymes against oxidative stress include catalases, alkyl hydroperoxide reductases, and superoxide dismutases, whereas globins are the primary detoxification enzymes against nitrosative stress. Defenses against these noxious compounds are highly critical for bacterial virulence during colonization. The innate immune system exposes bacteria to oxidative and nitrosative stress as a strategy to kill invading bacterial cells. Indeed, deletion of key bacterial oxidant and nitrosative defense enzymes results in significant attenuation in virulence in animal models and survival in macrophage models. These results highlight the critical role these enzymes have in resistance to host immune defenses. Overall, as our knowledge of bacterial virulence and adaptation mechanisms continues to expand, it is hoped that this key research will yield novel findings leading to new strategies to treat or prevent illness induced by bacterial pathogens.
